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Conversion Factors, Abbreviations, and Datum
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Multiply By To obtain
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Flow rate

cubic meter per second (m3/s) 35.31 cubic foot per second (ft3/s)
meter per second (m/s) 3.281 foot per second (ft/s) 
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To communicate effectively with stakeholders, managers, and other scientists working on the 
Lower Missouri River, this report uses a mix of U.S. customary units and International System 
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upstream from the junction with the Mississippi River at St. Louis, Missouri, as measured by 
the U.S. Army Corps of Engineers in 1960. Discharges are provided in the customary units of 
cubic feet per second. Reach-scale hydraulic variables—velocity and depth—are in SI units 
of meters per second and meters.

Horizontal coordinate information is referenced to the World Geodetic System of 1984  
(WGS 84).



Abstract
This report documents development of a spatially explicit 

river and flood-plain classification to evaluate potential for 
cottonwood restoration along the Sharpe and Fort Randall 
segments of the Middle Missouri River. This project involved 
evaluating existing topographic, water-surface elevation, and 
soils data to determine if they were sufficient to create a classi-
fication similar to the Land Capability Potential Index (LCPI) 
developed by Jacobson and others (U.S. Geological Survey 
Scientific Investigations Report 2007–5256) and developing 
a geomorphically based classification to apply to evaluating 
restoration potential. 

Existing topographic, water-surface elevation, and soils 
data for the Middle Missouri River were not sufficient to repli-
cate the LCPI. The 1/3-arc-second National Elevation Dataset 
delineated most of the topographic complexity and produced 
cumulative frequency distributions similar to a high-resolution 
5-meter topographic dataset developed for the Lower Missouri 
River. However, lack of bathymetry in the National Elevation 
Dataset produces a potentially critical bias in evaluation of 
frequently flooded surfaces close to the river. High-resolution 
soils data alone were insufficient to replace the information 
content of the LCPI. In test reaches in the Lower Missouri 
River, soil drainage classes from the Soil Survey Geographic 
Database database correctly classified 0.8–98.9 percent of the 
flood-plain area at or below the 5-year return interval flood 
stage depending on state of channel incision; on average 
for river miles 423–811, soil drainage class correctly classi-
fied only 30.2 percent of the flood-plain area at or below the 
5-year return interval flood stage. Lack of congruence between 
soil characteristics and present-day hydrology results from 
relatively rapid incision and aggradation of segments of the 
Missouri River resulting from impoundments and engineer-
ing. The most sparsely available data in the Middle Missouri 
River were water-surface elevations. Whereas hydraulically 
modeled water-surface elevations were available at 1.6-kilo-
meter intervals in the Lower Missouri River, water-surface 
elevations in the Middle Missouri River had to be interpolated 
between streamflow-gaging stations spaced 3–116 kilometers. 
Lack of high-resolution water-surface elevation data precludes 
development of LCPI-like classification maps.

An hierarchical river classification framework is pro-
posed to provide structure for a multiscale river classification. 
The segment-scale classification presented in this report is 
deductive and based on presumed effects of dams, significant 
tributaries, and geological (and engineered) channel con-
straints. An inductive reach-scale classification, nested within 
the segment scale, is based on multivariate statistical cluster-
ing of geomorphic data collected at 500-meter intervals along 
the river. Cluster-based classifications delineate reaches of the 
river with similar channel and flood-plain geomorphology, and 
presumably, similar geomorphic and hydrologic processes. 
The dominant variables in the clustering process were channel 
width (Fort Randall) and valley width (Sharpe), followed by 
braiding index (both segments).

Clusters with multithread and highly sinuous channels are 
likely to be associated with dynamic channel migration and 
deposition of fresh, bare sediment conducive to natural cotton-
wood germination. However, restoration potential within these 
reaches is likely to be mitigated by interaction of cottonwood 
life stages with the highly altered flow regime.

 Introduction
Riparian cottonwood communities have been in general 

decline in rivers of the Great Plains because of lack of repro-
duction and recruitment. Causes for recruitment failures typi-
cally have been linked to river-management actions that have 
decreased channel-migration processes that would naturally 
provide bare mineral soils for seedling germination or actions 
that promote hydrologic conditions that give a competitive 
advantage to invasive species. 

Lack of cottonwood recruitment on the Missouri River 
has been recognized as a threat to habitat needed by the 
threatened bald eagle (Haliaeetus leucocehpalus). A 2000 
Biological Opinion recommended that the U.S. Army Corps 
of Engineers implement reasonable and prudent alternatives to 
maintain cottonwood communities by avoiding bank stabiliza-
tion and purchasing land where cottonwood could be restored 
(U.S. Fish and Wildlife Service, 2000). Implementation of this 
goal requires an understanding of hydrologic and geomorphic 
processes that promote natural cottonwood regeneration or 
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2 Development of a Channel Classification to Evaluate Potential for Cottonwood Restoration

that would support active restoration efforts. The objective 
of the study described here was to provide a spatially explicit 
river and flood-plain classification that resolves differences 
in biophysical capacity for cottonwood restoration along the 
Middle Missouri River.

Background

Riparian cottonwood communities are considered to be in 
decline along the Missouri River as a result of bank stabili-
zation and flow-regime regulation (U.S. Fish and Wildlife 
Service, 2000). Bank stabilization prevents channel migration 
and consequent formation of cottonwood regeneration sites in 
freshly deposited sediment in point bars. Flow regulation that 
decreases magnitude and frequency of flood peaks decreases 
nutrient deposition in flood plains, may decrease soil mois-
ture, and further diminishes potential for channel migration. 
Flow regulation may also result in germination of seedlings 
in places where they will be subject to scour; flow regulation 
may also change flood-recession rates and thereby alter root 
growth patterns (Scott and others, 1997; Auble and Scott, 
1998; Mahoney and Rood, 1998; Kalischuk and others, 2001). 
As a result, regeneration has not been sustained in many 
places and cottonwood communities have become senescent 
or invaded by nonnative species (U.S. Fish and Wildlife Ser-
vice, 2000; National Research Council, 2002). 

Lack of cottonwood regeneration has been considered a 
factor in continuing concern for the status of the bald eagle. 
Large, old cottonwood trees have been identified as important 
nesting habitat for bald eagles along the Missouri River, and 
lack of cottonwood regeneration threatens habitat availability. 
Although the bald eagle was delisted as an endangered species 
in 2007 the U.S. Fish and Wildlife Service recognized the 
value of cottonwood communities and their role in provid-
ing habitat for the bald eagle in a 2000 Biological Opinion 
(U.S. Fish and Wildlife Service, 2000). To avoid take (harm or 
destruction) of bald eagles from loss of cottonwood commu-
nity habitat, the U.S. Fish and Wildlife Service stipulated three 
reasonable and prudent measures:

• Map and evaluate current health of cottonwood forests 
on the Missouri River;

• Develop a management plan to allow for natural regen-
eration, seed germination, and seedling establishment 
to maintain populations;

• Implement management actions to ensure that no more 
than 10 percent of cottonwood habitat suitable for bald 
eagles is lost.

This report addresses the physical processes and geomor-
phic framework that define river flood-plain ecosystems in part 
of the Middle Missouri River. The objective is to develop a 
classification system that delineates relatively discrete reaches 
with common suites of geomorphic processes and rates [pro-
cess domains, in the sense of (Montgomery, 1999)]. Similar 

process domains are inferred to have similar potential for natu-
ral cottonwood regeneration or active mechanical restoration. 

Previous classification work on the Lower Missouri River 
has delineated the river based on specific project needs. The 
broadest classification has been into segments generally delin-
eated at major tributaries or geologic or engineering boundar-
ies (Laustrup and LeValley, 1998; U.S. Fish and Wildlife Ser-
vice, 2000). Segment-scale classifications have been used to 
describe broad variation in hydrology and channel hydraulics 
(Galat and Lipkin, 2000; Pegg and others, 2003; Reuter and 
others, 2008; Reuter and others, 2009) and have not explicitly 
considered adjacent flood plains. 

Classifications that expand laterally from the channel to 
address adjacent flood plain and valley-bottom terraces gener-
ally require relative elevation data, soils data, or both. Clas-
sification schemes for parts of the Lower Missouri River flood 
plain have been based on surficial geology (Holbrook and 
others, 2006; Ghimire and others, 2007) and hydrogeomor-
phic classifications that combine relative elevation, measures 
of soils wetness, topography, and soil moisture retention 
(Jacobson and others, 2007). Other approaches to flood-plain 
classification have been based on existing vegetation classes 
(Rieman and others, 2001) or vegetation and mappable water 
bodies [National Wetlands Inventory Program, (U.S. Fish and 
Wildlife Service, 1994–2000)].

Classifications of the Missouri River at finer scales 
include reach scale (10s of kilometers), bend scale (bend-
crossover units or channel units, 100s to 1,000s of meters), 
and macro-, meso-, and micro-scale units (ranging from 100s 
of meters to millimeter scale). At finer scales, classifications 
are more specific to particular intended uses. Reach-scale 
classifications have been developed for part of the Missouri 
River between Gavins Point Dam and Sioux City, Iowa (Elliott 
and Jacobson, 2006) and parts of the adjacent Platte River in 
Nebraska (Elliott and others, 2009b); these classifications have 
been intended to resolve geomorphically similar reaches that 
would have similar channel dynamics and suites of channel 
and sandbar habitats. Macro- and mesoscale classifications on 
the Missouri River have been used to define areas with similar 
depth, velocity, and substrate characteristics and for which 
specific gear types would be used in fishery studies (Welker 
and Drobish, 2009). Mesoscale aquatic habitat classifications 
of the Lower Missouri River also have been defined using 
species-specific criteria to subdivide spatially continuous maps 
of derivative hydraulic variables (Reuter and others, 2008; 
Jacobson and others, 2009b; Reuter and others, 2009)

Scope and Objectives

This report documents development of a channel flood-
plain classification for the Sharpe and Fort Randall segments 
of the Middle Missouri River. The Middle Missouri River 
generally is defined as segments between Gavins Point Dam, 
South Dakota, and the headwaters of Lake Sakakawea in 
North Dakota (fig. 1). This section of the Missouri River is 
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characterized by five large reservoirs separated by relatively 
free-flowing segments. This report concentrates on segments 
of the river downstream from Oahe Dam, South Dakota, and 
upstream from Lewis and Clark Lake, South Dakota (figs. 1–3, 
table 1). These are interreservoir segments Oahe Dam to Big 
Bend Dam, Fort Randall Dam to the Niobrara River, and Nio-
brara River to the headwaters of Lewis and Clark Lake. The 
segment defined by Lake Francis Case is not considered in this 
report because it is unlikely to provide cottonwood habitat. 

The primary objective is to develop a classification 
system similar to the Land Capability Potential Index (LCPI) 
that has been applied to the Lower Missouri River downstream 
from Gavins Point Dam (Jacobson and others, 2007). Because 
the LPCI was developed in an area where high-resolution 
elevation and water-surface profile data were available, it was 
not clear whether a similar classification could be developed 
in the Middle Missouri River where data were more sparse. 
Therefore, two subobjectives were identified. The first was to 
evaluate the utility of existing low-resolution data in develop-
ment of an alternative LCPI by comparing LCPI metrics in 
areas with high-resolution and low-resolution data. The second 
was to develop a classification system based on available geo-
morphic data that would serve as the alternative LCPI as well 
as a general classification for the Middle Missouri channel and 
flood plain.

Approach and Methods
We first assessed the information content of generally 

available, low-resolution datasets relative to the LCPI to iden-
tify which, if any, physical variables in low-resolution datasets 
are useful in classifying the potential for cottonwood regen-
eration. In particular, we were interested in the ability of soils 
data alone to classify sites similar to classifications from LCPI 
datasets, and whether low-resolution, national elevation data 
(NED) adds significantly to our ability to classify these sites. 

Based on the limitations in using low-resolution data 
to develop an LCPI-like classification, we then developed a 
general geomorphic reach-scale classification that would cap-
ture many of the salient geomorphic processes of the Middle 
Missouri River. Although not as detailed or directly relevant to 
cottonwood regeneration as the LCPI, the geomorphic process 
domains delineated in the reach-scale classification approach 
should provide useful information for guiding restoration 
efforts. 

The approach to geomorphic classification is to employ 
generally available geospatial data arrayed in a longitudinal 
framework to develop quantitative classification indices. 
Many river classifications exist, but utility of a classifica-
tion system rests on its ability to discriminate characteristics 
that are important for specific uses (Kondolf and others, 
2003). To achieve the most utility, we applied the continuous 
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Figure 2. The Sharpe segment of the Missouri River.
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longitudinal classification method of Elliott and Jacobson 
(2006) to develop a general classification of USACE segments 
6, 8, and 9 (table 1) in a manner consistent with previous 
classifications. 

Definitions

We use “segment” to denote lengths of the river having 
similar flow regime and valley-scale geologic constraints on 
form and process (Frissell and others, 1986). Segments usually 
are defined at major tributary junctions where flow regime or 
water quality might be expected to change river processes sub-
stantially. Segments also are defined by bedrock or engineer-
ing changes that might exert strong effects on channel mor-
phology. In the Middle Missouri River, segments are clearly 
defined by dams. Downstream from dams, the free-flowing 
parts of the river typically undergo a gradual transition into 
the headwaters of the next downstream reservoir incorporat-
ing riverine, deltaic, and lacustrine conditions. Conceptually, 
lengths of river characterized by each of these three condi-
tions can be considered subsegments, although the transitions 
vary in position within and among years. In this report, the 
three subsegments between Oahe Dam and Big Bend Dam are 
referred to collectively as the Sharpe segment and the three 
subsegments of river between Fort Randall Dam and Gavins 
Point Dam are referred to collectively as the Fort Randall 
segment. 

Segments generally contain multiple “reaches” or lengths 
of river characterized by uniform multiples of channel units or 
bend-crossover units (Frissell and others, 1986). The concept 
of reaches is used less precisely than segments. It is meant to 
describe varying lengths of channel with at least one bend-
crossover sequence. Typically, a reach is defined with mul-
tiple, similar bend-crossover sequences.

Data Resources

Several types of widely available sources of data are used 
for this analysis including U.S. Department of Agriculture 
National Aerial Imagery Program (NAIP) digital aerial otho-
photography and National Elevation Dataset (NED) digital 
elevation models. Hydrologic information was synthesized 
using U.S. Geological Survey (USGS) streamflow-gaging 
stage and discharge records, supplemented with U.S. Army 
Corps of Engineers (USACE) records for Oahe Dam upstream 
from the Sharpe segment and for the Fort Randall Dam at the 
upstream end of the Fort Randall segment. 

Hydrologic Data
Hydrologic data were used to assess variation within the 

aerial photography datasets and to develop stage frequency 
analyses. Big Bend and Fort Randall Dams are managed for 
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8  Development of a Channel Classification to Evaluate Potential for Cottonwood Restoration

load-following power production causing discharges down-
stream from these dams to fluctuate daily. Aerial orthophotog-
raphy is indexed by the date but not the time of day the pho-
tography was taken, therefore, we use daily average discharges 
downstream from these dams for reference. Daily fluctuations 
in discharge exist within the imagery data sets illustrated by 
the differences in daily minimum, maximum, and mean stage 
in the Fort Randall segment (fig. 4, table 2). Such hydrologic 
variation may result in nonuniform mapping of geomorphic 
features that are dependent on water levels, although our 
focus on geomorphic features rather than waterlines mini-
mized this effect. Mean daily stage data are available from 
four USGS streamflow-gaging stations in the Sharpe segment 
and three locations in the Fort Randall segment of the river 
(table 3). Midnight tailwater elevations were compiled from 
USACE gaging stations at Oahe Dam and Big Bend Dam. 
USGS gage heights were converted to elevations using the 
individual gage datums, and both USGS and USACE eleva-
tions were converted from National Geodetic Vertical Datum 
of 1929 (NGVD 29) to North American Vertical Datum of 
1988 (NAVD 88) for consistency with the National Elevation 
Dataset. Mean daily stage data were available for the past 10 
years from the Sharpe gaging stations and 13 years from the 
Fort Randall gaging stations. 

Determination of the elevations of floods with expected 
2-, 5-, and 10-year recurrence interval floods was completed 
for each gaging station along the Fort Randall and Sharpe 
segments. From the daily stage data, an annual exceedance 
series was identified, consisting of the top n independent high 

flow events within the n years of available data. For the Fort 
Randall segment n=13, and for the Sharpe segment n=10. 
The events for each gaging station were ranked in order of 
magnitude, with the highest elevation event receiving a rank 
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Figure 4. Stage,  discharge, and aerial photography acquisition data for the Missouri River in the Sharpe and 
Fort Randall segments. 

Table 2. Discharges for National Aerial Imagery Program 
(NAIP) digital aerial orthophotography used in this study.
[USACE, U.S. Army Corps of Engineers; m3/s, cubic meters per second]

NAIP aerial 
photogra-
phy dates 

(month/day/
year)

Discharge at 
Oahe Dam, 

USACE data 
(m3/s)

NAIP aerial 
photogra-
phy dates 

(month/day/
year)

Discharge at Fort 
Randall Dam, 
USACE data 

(m3/s)

Sharpe segment Fort Randall segment
7/11/2006 943.0 7/12/2006 676.8
7/12/2006 883.5 7/15/2006 702.3
7/15/2006 863.7 7/18/2006 716.4
7/28/2006 826.9 7/23/2006 798.5
7/30 2006 866.5 7/26/2006 824.0

7/10/2008 39.6 7/29/2006 889.1
7/11/2008 218.0 7/30/2006 894.8
7/12/2008 212.4 7/6/2007 563.5

7/7/2007 594.7
7/15/2007 625.8

7/16/2007 625.8
7/17/2007 597.5
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of 1 and the lowest elevation event receiving a rank of n. The 
average recurrence interval for each event was then calculated 
as T = (n+1)/m, where n = number of years of record and m = 
event rank. Elevations for floods with recurrence intervals of 
2, 5, and 10 years were determined directly as a result of these 
calculations or were found by linearly interpolating between 
the two events with recurrence intervals most closely bracket-
ing the desired interval.

Aerial Orthophotography
We used two-meter (m) resolution digital natural-color 

orthophotography quarter-quadrangles (DOQQ) from 2006, 
2007, and 2008 taken by the Farm Service Agency’s National 
Agricultural Imagery Program (FSA/NAIP). The 2008 NAIP 
imagery was used for digitizing channel boundaries in the 
Sharpe segment and 2007 NAIP imagery was used for channel 
boundary determination in the Fort Randall segment (table 
2). All in-channel features were digitized from 2006 imagery 
(table 2). The photographs were compiled in a geographic 
information system (GIS) using the ArcGIS software package 
(ESRI, Redlands, Calif.). All data derived from the orthopho-
tography have the horizontal datum North American Datum 
of 1983 (NAD 83). The projection used for all data associated 
with this report is Universal Transverse Mercator Zone 14, 
Meters (UTM 14).

Land-Surface Elevations
We used 1/3-arc-second (approximately 6.5-m cell size) 

resolution digital elevation models from the NED to assess 
elevations within the Sharpe and Fort Randall segments (U.S. 

Geological Survey, 2009). The data are provided using North 
American Datum of 1983 (NAD 83) as a horizontal reference 
and North American Vertical Datum of 1988 (NAVD 88) as a 
vertical reference. The raster maps were mosaicked and com-
piled using the ArcGIS software package (ESRI, Redlands, 
Calif.). To evaluate information content of different available 
elevation data, we also used 1-arc-second (approximately 
26-m cell size) and a high-resolution, 5-m dataset (Jacobson 
and others, 2007). 

The following sections provide detail on methods used 
in the two subobjectives—assessment of information content 
for LCPI-like classification and geomorphic classification of 
the channel and flood plain. The first objective is addressed 
through exploratory statistical evaluations of available 
topographic, water-surface elevation, and soils data, and the 
second objective is addressed through multivariate statistical 
clustering of geomorphic data compiled in a longitudinal GIS 
framework.

Information Content Assessment

We used graphical and tabular statistical assessments to 
evaluate information content of datasets readily available in 
the Middle Missouri River relative to those used to construct 
the LCPI for the Lower Missouri River (Jacobson and others, 
2007). Geomorphic adjustments of channels in regulated riv-
ers generally result in channel incision or widening directly 
downstream from dams (Williams and Wolman, 1984); chan-
nel aggradation generally occurs upstream from reservoirs in 
headwaters and can potentially occur far downstream from 
dams if sediment delivered by tributaries cannot be transported 
by regulated flows. These changes in local channel geom-
etry can combine with changes to the natural flow regime to 
alter the magnitude, frequency, duration, and timing for flood 
events that connect the channel and flood-plain surfaces. In the 
LCPI approach, modern flood-elevation profiles were avail-
able to assess connectivity between the channel and flood-
plain; similar flood profiles were not available for the area of 
interest on the Middle Missouri River. 

To explore the information content of soils and NED 
elevation data relative to the high resolution LCPI datasets 
(Jacobson and others, 2007), we identified three comparison 
flood-plain reaches in the Lower Missouri River downstream 
from Gavins Point Dam (fig. 5). The upstream-most reach 
(river mile 770) is incising; the middle reach (river mile 672) 
has water-surface elevations nearly the same as those that 
existed before Gavins Point Dam was closed; and the down-
stream-most reach (river mile 560) is stable to slightly aggrad-
ing (U.S. Army Corps of Engineers, 2007; Jacobson and 
others, 2009a). These three flood-plain reaches were selected 
to document the range of geomorphic adjustments expected 
because of impoundments on the Missouri River. The reaches 
were each defined by 1 km length of the river channel and the 
valley bottom from bluff to bluff. 

Table 3. Sources for stage infomation used in this study.
[USACE, U.S. Army Corps of Engineers; USGS, U.S. Geological Survey]

Gaging station Source River mile

Sharpe segment

Oahe Dam USACE 1,071.8
Missouri River at Pierre, South Dakota USGS 1,066.4
Missouri River at LaFramboise Island 

at Pierre, South Dakota
USGS 1,064.8

Missouri River Below La Framboise 
Island at Pierre, South Dakota

USGS 1,062.8

Missouri River at Farm Island near 
Pierre, Dakota

USGS 1,060.0

Fort Randall segment

Fort Randall Dam USACE 880.1
Missouri River below Ponca Creek 

near Verdel, Nebraska
USGS 846.3

Missouri River at  Niobrara, Nebraska USGS 842.8
Lewis and Clark Lake at Springfiled, 

South Dakota
USGS 832.0
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The information contents of different elevation source 
data were assessed by comparing cumulative frequency distri-
butions of elevations relative to water-surface elevations. The 
information content of soils data was evaluated by calculating 
how well soil characteristics correctly classify the area of the 
flood plain within the 5-year return flood stage. 

Geomorphic Measurements

Geomorphic channel attributes were extracted from the 
maps using automated procedures and scripts within ArcMap 
(ESRI, Redlands, Calif.). The geomorphic information was 
attributed to address points at 500-m spacing along the chan-
nel and analyzed statistically for naturally occurring classifica-
tion units.

Channel and Valley Boundary Determinations
The river channel boundary was manually digitized on 

a computer screen at a 1:3,000 scale using the most recent 
NAIP imagery—2008 for the Sharpe segment and 2007 for the 
Fort Randall segment. All areas of the river that appeared to 
be “active channel” were digitized as part of the channel. The 
active channel was identified by steep slope breaks on banks, 
presence of open water, and geomorphic and sedimentological 
features indicative of frequent sediment transport. In contrast 
to defining the channel boundary by water’s edge, this method 
allowed for comparison of channel and bank position between 
orthophotographs with different discharges. The river valley 
boundary was digitized at a 1:10,000 on the 2007 and 2008 
NAIP orthophotography. Geologic maps and NED digital 
elevation models aided in determining the valley boundary.

Figure 5. Locations of comparison reaches on Lower Missouri River and distribution of wetness 
classes. Wetness classes are indices based on hydraulically modeled flood return intervals (U.S. 
Army Corps of Engineers, 2004). Map development is detailed in Jacobson and others (2007).
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Longitudinal Addressing System
The 2007 and 2008 NAIP orthophotography was also 

used to establish a longitudinal address system for the collec-
tion of geomorphic data. To establish the address system, the 
channel centerline was drawn between the digitized channel 
boundaries using a computer-automated method. Address 
points were defined along this centerline with 500-m spacing, 
and a polygon address system was created by using generally 
perpendicular transects drawn through the address points to 
divide the channel into quadrilateral polygons as described in 
Elliott and Jacobson (2006) and Elliott and others, (2009b). 
Address polygons were intersected with polygon datasets to 
assign attributes to address points.

Channel and Valley Width
The digitized channel boundary lines were converted 

to closely-spaced points (1 m) to calculate river width. A 
distance function was then used to measure the distance from 
each address point to the closest channel boundary point on 
the right and left banks. These values were added together to 
calculate total channel width. Channel width, therefore, mea-
sures the width of the active channel, including all midchannel 
bars and islands, as well as bars along the sides of the channel. 
The same process was used to calculate valley width for both 
segments. 

Sinuosity Index
Sinuosity is calculated by dividing the distance between 

points as measured along the thalweg by the straight-line 
distance between points. It was not possible in some reaches 
to map the thalweg accurately solely from aerial photographs. 
We therefore used the channel centerline as the basis for cal-
culating a modified channel sinuosity index. This effectively 
defines a minimum scale of sinuosity resolution. Additionally, 
because sinuosity can vary greatly with the scale of measure-
ment, we calculated sinuosity values for 1-kilometer (km), 
2-km, 4-km, 8-km, and 16-km reaches of the river in both 
segments. 

Braiding Index and Bar Count
Bars (islands and sandbars surrounded by inundated 

channels) were manually digitized from the 2006 NAIP aerial 
orthophotography in both segments at a scale of 1:5,000 or 
less. The dominant surface material was used to classify each 
bar as “vegetated” or “bare sand,” with vegetated bars having 
50 percent or greater vegetation coverage. A braiding index 
representing the total number of channels was calculated at 
each address point. Perpendicular transects running through 
each address point were intersected with the bar polygons, 
such that gaps were created in the transects when they over-
lapped the bars. An automated count was made of the number 

of resultant line segments for each transect to define the braid-
ing index.

The number of vegetated and bare sand bars within 
each address polygon and bar area as a percentage of address 
polygon area were also calculated. Bar number was tabulated 
by counting the number of bar polygon centroids within an 
address polygon. Percent area was calculated by tabulating the 
total area of all bars or portions of bars within each address 
polygon and dividing this number by the address polygon area.

Statistical Classification 

Statistical classification involved an exploratory analysis 
of the entire set of address point variables and a cluster clas-
sification based on a selected, reduced dataset. Methods are 
similar to those of Elliott and others (2009b). 

Variables collected at each address point considered for 
analysis included valley and channel width, braiding index, 
the number of vegetated and bare sand bars, and sinuosity at 
2,000, 4,000, and 8,000 m. In each of the two segments, the 
variable data were examined for normality and for correlations 
using bivariate scatterplots and principal component analysis 
(PCA). 

To simplify the classification process, a reduced number 
of variables was determined from the original dataset. The 
chosen variables were valley width, channel width, braiding 
index, and 2,000-m sinuosity. One-third of the address points 
was randomly selected for clustering analysis to minimize 
dependence among spatially adjacent data points in the initial 
clustering process. Variables were standardized by the range 
of values and examined for normality, which is not critical for 
cluster analysis but is a fundamental assumption of discrimi-
nant analysis. Nonnormality is not critical for useful analysis 
(Hill and Lewicki, 2006), and the variables used in this analy-
sis were not considered critically nonnormal.

Hierarchical cluster analysis was used to examine the 
clustering structure of the standardized, randomly selected 
datasets in the two Missouri River segments. K-means analy-
sis was applied to the standardized, randomly selected datasets 
separately for each segment. This type of cluster analysis 
begins with a predefined number of clusters (K) and divides 
the data into K mutually exclusive groups by maximizing the 
between-group variation (Wilkinson and others, 2004). Euclid-
ean distance was applied as the distance metric, and between-
group sum of square differences were plotted with within-
group sum of square differences for the K-means analysis of 2 
to 10 clusters. Similar to a “scree” plot, slope breaks in these 
curves can be interpreted as numbers of clusters where the 
information content of the clustering process changed. Cluster 
parallel plots were used to assess influences of variables in 
defining clusters. Cluster parallel plots show standardized 
values (z scores) of selected variables relative to the mean for 
each cluster, with the most influential variable at the top and 
least influential at the bottom.
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Discriminant analysis was used to inspect data fit within 
defined clusters and to classify the remaining, nonrandomly 
selected address points. Classification into clusters was cross-
validated using a jackknife procedure. 

Results
The following sections provide results of the information 

content assessment for three reaches of the Lower Missouri 
River, river miles 420–811, and for the statistical classification 
of the channel flood-plain complexes for the lower segments 
of the Middle Missouri River. The information content assess-
ment demonstrates the dependence of LCPI classification on 
well-constrained flood profiles and indicates that existing, low-
resolution data lack the ability to resolve LCPI classes in the 
Middle Missouri River. The statistical classification presents 
an alternative to LCPI that delineates the main geomorphic 
process domains along the Middle Missouri River and thereby 
provides some guidance to cottonwood restoration planning.

Information Content Analysis

The component data sources for the LCPI are hydrauli-
cally modeled water-surface elevation profiles for floods of 
a range of return intervals, high-resolution elevation data 
amenable to gridding at 5-m cell size, and detailed soils maps 
(Jacobson and others, 2007). Of these, only the soils maps are 
presently available for the Middle Missouri River at a resolu-
tion equal to that used in the original LCPI. The following 
sections present results of evaluations of alternative elevation 
data, soils data, and water-surface elevation data in creating 
LCPI-type classifications.

Elevation Data
 On the Lower Missouri River, elevation data gridded 

at 5 m were available with root-mean square vertical error of 
approximately 0.2 m (U.S. Army Corps of Engineers, 2004; 
Jacobson and others, 2007). In contrast, the two gener-
ally available elevation datasets for the Middle Missouri 
River are the NED 1-arc-second and 1/3-arc-second. The 
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Figure 6. Elevation maps of  comparison reach at river mile 770 using 1-arc-second, 1/3-arc-second, and 5-meter datasets.
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1-arc-second dataset has a grid-cell size of approximately 26 
m and a vertical root-mean square error of approximately 2.44 
m; the 1/3-arc-second dataset has a grid-cell size of approxi-
mately 6.5 m and shares the vertical root-mean square error of 
approximately 2.44 m.

Maps of the Lower Missouri River comparison reaches 
illustrate the qualitative differences among the datasets (figs. 
6–8). In all three comparison reaches, the 1-arc-second eleva-
tion map shows substantially less topographic detail. Differ-
ences between the 1/3-arc-second and 5-m elevation maps are 
less discernible except near the channel where the 5-m dataset 
shows more detail because of the inclusion of bathymetric 
data. Lack of topographic information near the channel in the 
1-arc-second and 1/3-arc-second datasets may be attributable 
to high water stages during acquisition of the topographic data.

Cumulative distribution functions of elevations from 
these examples document that the 1/3-arc-second data con-
form better to the 5-m data than the 1-arc-second data (fig. 9). 
Differences in the distributions are most apparent in the tails, 
especially the lower elevations. Because the 5-m data were 
gridded with added bathymetric data (Jacobson and others, 
2007), they more accurately represent low elevations near the 

channel. Differences among elevation datasets are especially 
important for frequent floods in the river mile 770 comparison 
reach; for example, the 5-m dataset indicates that 11 percent 
of the valley bottom is at or below the elevation of the 2-year 
return interval flood, whereas the 1/3-arc-second dataset 
indicates 7 percent, and the 1-arc-second dataset indicates 0 
percent. 

The cumulative distribution functions illustrate the gen-
eral differences in the relations between floods and flood-plain 
elevations among the three reaches. In the unchannelized, 
incised reach at river mile 770, there is a broad distribution 
of low elevations, but because of incision and flow regula-
tion much of the distribution of elevations is not inundated by 
even 100- to 500-year return-interval floods. In contrast, the 
channelized reaches at river mile 672 and 560 have a nar-
row distribution of available valley-bottom elevations. In the 
stable-incising reach at river mile 560 over 90 percent of the 
valley bottom is within the range of elevations associated with 
10- to 25-year return-interval floods. The reach at river mile 
672 is intermediate with less than 10 percent of the valley bot-
tom within the elevation of 25-year return-interval floods.
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Figure 7. Elevation maps of  comparison reach at river mile 672 using 1-arc-second, 1/3-arc-second, and 5-meter datasets.
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Soils Data
The utility of using high-resolution soils data as a surro-

gate for the combination of water-surface elevations and high-
resolution topography was explored by calculating how well 
soil attributes corresponded with modern flood classes. The 
question is: If only soils data were available, could accurate 

predictions be made for areas of good potential for cotton-
wood regeneration? In this case, we assumed that nonirrigated 
cottonwood regeneration required relatively wet conditions as 
indicated by LCPI classes with elevations within the 5-year 
return-interval flood (0- to 5-year wet area). Table 4 indicates 
the information content of soils data relative to known wetness 
conditions. 

Table 4. Percent correct classification of 0–5 year wet area based on known soil characteristics.

River mile

Drainage classes1 Wetland classes2 Entisols

Percent of 
class actually 

wet

Percent of 
wet correctly 

classified

Percent of 
class actually 

wet

Percent of 
wet correctly 

classified

Percent of 
class actually 

wet

Percent of 
wet correctly 

classified

560 98.9 62.6 97.8 52.6 89.6 49.6
672 .8 23.2 3.4 22.9 4.2 96.2
770 2.8 34.7 3.5 32.6 4.8 100
All 30.2 66.3 18.8 51.1 33.5 61.6

1 Combined somewhat poorly, poorly, and very poorly drained classes.
2 Good wetland class.

Figure 8. Elevation maps of  comparison reach at river mile 560 using 1-arc-second, 1/3-arc-second, and 5-meter datasets.
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Soil drainage classes integrate saturated hydraulic con-
ductivity of the soil and underlying geologic materials, and to 
some extent, contain information related to surface topogra-
phy (Soil Survey Staff, 1993). At river mile 560, 98.9 percent 
of the soil area classed as poorly, somewhat poorly, or very 
poorly drained was within the 0–5 year wet area. Moreover, 
62.6 percent of the wet area was comprised of these drainage 
classes. These data indicate that in stable to aggrading reaches 

of the river, knowledge of soil drainage classes is useful for 
classifying wetness. However, in upstream reaches that are 
characterized by ongoing incision, such as river mile 672 and 
770, the percentage of poorly drained classes that is actually 
wet is quite small (0.8 and 2.8 percent, respectively), and the 
percentage of these classes within the wet area is only 23.2 
and 34.7 percent, respectively. For river miles 423 to 811, 
30.2 percent of poorly drained class area is actually wet, and 
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66.3 percent of the wet area is underlain by soils in the poorly 
drained classes. These data indicate that the utility for soil 
drainage classes to predict actual wetness in the flood plain 
depends on the state of geomorphic adjustment of the channel; 
drainage class is less predictive of wetness in reaches undergo-
ing channel incision.

The wetland index and shallow water index are wildlife 
habitat interpretations that rate the soil as good, fair, poor, or 
very poor for wetland restoration purposes (Soil Survey Staff, 
1993). A good rating indicates the habitat is easily established; 
fair indicates that the habitat can be established in most places 
with moderate management effort; poor indicates that limita-
tions on the habitat development are severe; and very poor 
indicates that restrictions on habitat development are very 
severe and unsatisfactory results can be expected. The wetland 
and shallow-water habitat indices produce practically identical 
results so only wetland index is shown in table 4.

Wetland suitability classes show relations similar to 
drainage classes. Soils with wetland suitability in the good 
category predict wetness relatively well at river mile 560, but 
do poorly at river miles 672 and 770 where only 3.4 and 3.5 
percent, respectively, of the good classes are coincident with 
the wet area. On average, through river miles 423 to 811, 18.8 
percent of good wetland suitability is coincident with wet 
areas and 51.1 percent of the wet area has soils rated as good 
wetland suitability.

We also explored whether soils classified as entisols 
would be a useful indicator of wetness, as they are typically 
developed in recently deposited alluvium. Although 89.6 
percent of soil area classified as entisols was wet at river 
mile 560, only 49.6 percent of the wet area was comprised of 
entisols; the remainder was dominantly mollisols. The ability 
of entisols to predict wetness was poor at river mile 672 and 
770, with only 4.2 and 4.8 percent, respectively, of the entisols 
coincident with wet areas. In contrast, the wet areas in these 
reaches were dominated by entisols because channel incision 
has resulted in only very young, sandy sediments being depos-
ited at elevations coincident with 0- to 5-year return- interval 
floods.

Soil attributes are highly variable in their ability to 
predict wet areas conducive to cottonwood restoration in these 
segments of the Lower Missouri River. At river mile 560, 
soil attributes predict wetness very well, but this is because 
aggradation in this reach has put nearly all of the flood plain 
in this reach in the 0- to 5-year wet area. In upstream reaches 
that are stable or incising, soil attributes do not perform as 
well because soils with pedogenic characteristics indicative 
of wetness have been stranded at elevations where they are 
infrequently inundated because of recent incision.

Water-Surface Elevation Data
The LCPI benefitted from hydraulically modeled water-

surface elevations for floods with return intervals from 2 to 
500 years (U.S. Army Corps of Engineers, 2004). Hydraulic 
flood models generally were not available for the Middle 

Missouri River. The next best source of information for water-
surface elevations is from a sparse network of streamflow-
gaging stations maintained by the U.S. Geological Survey and 
the U.S. Army Corps of Engineers. Water-surface elevations 
for stages attained with return intervals of 2, 5, and 10 years 
show little differences because of the highly regulated flows 
(fig. 10). Because of long distances between gages (3–116 km) 
water-surface elevations would have to be interpolated exten-
sively to model water-surface elevations similar to the LCPI. 
In areas where water- surface elevations change rapidly, such 
as the deltas at the junctions of the Niobrara and Bad Rivers 
(fig. 10), these interpolations would not be valid. 

Longitudinal Classification

Although the LCPI process cannot be replicated in the 
Middle Missouri River, longitudinal classification of the chan-
nel and flood plain can be used to inform understanding of cot-
tonwood restoration potential. The longitudinal classification 
is based on quantifiable geomorphic characteristics that are 
indicative of channel and flood-plain form and process.

Flood-Plain Elevations
Comparison of existing water-surface elevation data 

and the range of elevations of adjacent flood plain and valley 
bottom indicate the strong effect of reservoirs and headwater 
deltas in the Middle Missouri River (fig. 10). Figure 10 shows 
the water-surface elevations of 2-, 5-, and 10-year floods com-
pared to percentiles of the adjacent valley bottom elevations. 
The colored bands indicate 0–2, greater than 2–5, greater than 
5–8, and greater than 8–10 percent of the adjacent valley bot-
tom exists at the indicated range of elevations. Because these 
are subaerial, 1/3-arc-second data derived from photogram-
metric measures, the lowermost extent of elevation data may 
be limited by the water-surface elevation that existed on the 
day of the data acquisition.

Water-surface elevations in the Sharpe segment are very 
flat because the effects of Big Bend Dam extend nearly to the 
base of the next upstream dam (Oahe Dam, figs. 2, 10). Most 
of the segment has 2–5 percent of the adjacent land subject to 
inundation by the 2-, 5-, and 10-year floods. High longitudinal 
variation results from juxtaposition of reaches where nearly 
the entire valley is inundated by the lake and reaches where 
flood plain and terraces flank the river (for example, 28–35 
km, 45–47 km, 77–84 km, and 105–115 km upstream from 
Big Bend Dam, fig. 10). The flood-plain and terrace reaches 
have as much as 5–10 percent of the adjacent land within the 
2-, 5-, and 10-year flood elevations.

In the reservoir part of the Fort Randall segment, the 2-, 
5-, and 10-year water-surface elevations intersect the 8–10th 
percentile of elevations, indicating that 8–10 percent of the 
adjacent valley bottom would be potentially inundated by 
the 2-, 5-, and 10-year floods (fig. 10). Upstream, the water-
surface elevations intersect smaller percentiles indicating that 
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smaller areas of the adjacent flood plain would be inundated. 
In the reaches 70–95 km upstream from Gavins Point Dam, 
these water-surface elevations would affect only 0–2 percent 
of the adjacent flood plain.

Geomorphic Characteristics
Geomorphic characteristics are illustrated in a longitu-

dinal framework for the Sharpe and Fort Randall segments 
(figs. 11, 12). Valley width, channel width, sandbar frequency, 
and sinuosity vary substantially within both segments. Both 
segments have reservoirs at their downstream ends that fluctu-
ate in water level and influence the base level of the riverine 
reaches. Both segments also have zones of sediment deposi-
tion, or deltas, between their riverine and reservoir reaches.

Sharpe Segment
The reach between Oahe Dam and the headwaters of 

Lake Sharpe occurs in a fairly narrow valley that range from 
about 1,960 to 2,740 m (fig. 11, table 5). The valley widens to 

as much as 11,630 m in the Lake Sharpe reservoir reach (figs. 
2, 11) where there are large bends in the bedrock valley of the 
Missouri River. The reservoir itself occupies an average of 36 
percent of the valley width in the reservoir segment. Channel 
widths generally increase in a downstream direction as the 
short riverine segment transitions to delta and then to reservoir 
(fig. 11).

The Bad River enters the Missouri River near Fort Pierre, 
South Dakota, on the right descending bank at river mile 
1,065.2 (fig. 2). The Bad River generally contributes a small 
percentage of flow to the Missouri River (less than 1 percent 
of mean annual discharge), although infrequent flood events 
have contributed considerably more discharge. Five Bad 
River floods in the last 83 years have been 1.2 to 3.0 times the 
annual mean discharge of the Missouri River.). Sediment from 
the Bad River is primarily fine material and enough sediment 
has been deposited downstream from the confluence with the 
Missouri River/Lake Sharpe to form a large delta (U.S. Army 
Corps of Engineers, 2006). The effects of the delta are evident 
in increasing sandbar frequency downstream from river mile 
1,065.2 (fig. 11). Because of reservoir level fluctuations, exact 
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delineation of the boundary between lake and riverine subseg-
ments is not possible. Substantial decreases in sandbar occur-
rence downstream from river mile 1,052.5 are apparent in 
aerial photography in 2004, 2005, 2006, and 2008, indicating 
that river mile 1,052.5 is a reasonable downstream boundary 
of the Lake Sharpe delta. 

Sinuosity generally increases with scale in the Sharpe 
segment of the Missouri River because sinuosity measured 
over longer lengths picks up the large bends of the bedrock 
valley. Meander bends in Lake Sharpe have sinuosity values 
measured over scales of 8,000 and 16,000 m ranging up to 1.6 
and greater than 2.2 (fig. 11). 

Fort Randall Segment
Valley widths in the Fort Randall segment are quite 

narrow ranging from about 1,490 to 4,600 m (fig. 12, table 
5). Channel widths vary in the riverine subsegment including 
narrow and wider reaches ranging from about 380 to 2,300 
m wide upstream from the Niobrara River confluence and 
become increasingly wide (about 1,690 to 4,560 m) in the 
delta and reservoir subsegments (fig. 12, table 5). The river 
occupies an average of 92 and 97 percent of the valley width 
in the delta and reservoir subsegments of the Fort Randall seg-
ment (table 5).

In the Fort Randall segment, the sand-bedded Niobrara 
River enters the Missouri River at river mile 843. The Niobr-
ara River contributes about 6.4 percent of the Missouri River 
discharge on a mean annual basis but as much as 55 percent of 
the sediment load to the Missouri River and Lewis and Clark 
Lake (Engineering and Hydrosystems Inc., 2002). Conse-
quently, a large delta has formed at the headwaters of Lewis 
and Clark Lake (Elliott and Jacobson, 2006; U.S. Army Corps 
of Engineers, 2006). The rapid increase in braiding index at 
approximately river mile 850 defines the upstream boundary 
of the delta. This delta has grown at a rate of approximately 
105 meters per year from 1993–2003 and as of 2006 was 
located near river mile 826 (Elliott and Jacobson, 2006). 
Downstream from river mile 826 to Gavins Point Dam at river 
mile 811.1 is Lewis and Clark Lake where the reservoir fills 
nearly the entire bedrock-defined valley (figs. 3, 12).

Statistical Classification
In the Sharpe segment, channel width and valley width 

are interrelated (fig. 13) and positively loaded on factor 1 in 
the PCA (fig. 14). Sinuosity at all scales is interrelated and 
positively loaded on factor 1 as well. In-channel characteris-
tics such as the number of vegetated bars, sand bars, and braid 
index are related and negatively loaded on factor 2 (fig. 14). 

Figure 11. Longitudinal geomorphic characteristics for the Sharpe segment of the Missouri River.    
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In the Fort Randall segment, there is also a strong relation 
between valley width and channel width as seen in the scat-
terplots (fig. 15), and these variables are positively loaded on 
factor 2 in the PCA (fig. 16). As seen in the Sharpe segment, 
sinuosity at all scales is interrelated and positively loaded on 
factor 1 (figs. 15, 16) Characteristics related to channel com-
plexity (the number of sand and vegetated bars and braiding 
index) are positively loaded on factor 1, although the number 
of sand bars and vegetated bars are less related than in the 
Sharpe reach (figs. 15, 16). 

Based on correlations among variables evident in the 
scatterplots and PCA (figs. 13–16), we selected a reduced set 

of variables to be used in cluster analysis (figs. 17, 18). A sub-
set of all address points was randomly selected and standard-
ized to act as a training classification set. Hierarchical cluster 
analysis of the standardized, randomly selected data indicated 
four to five distinct clusters in the Sharpe segment (fig. 19). In 
the Fort Randall segment hierarchical cluster analysis sup-
ported the identification of four clusters (fig. 20 ). 

K-means analysis supported the hierarchical clustering 
analysis. Breaks in slope of the “scree” plots occur in both of 
the Missouri River segment datasets at four clusters (figs. 21 
and 22) . Cluster parallel plots support the understanding that 
valley width, braiding index, and channel width are the most 

Figure 12. Longitudinal geomorphic characteristics for the Fort Randall segment of the Missouri River.    
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Table 6. Result of jackknife validation of discriminant function classifications for the 
Sharpe segment.

Classification
Classification

Percent correct
1 2 3 4

Four-cluster classification

1 51 1 0 0 100

Classified by 
jackknife

2 1 23 0 0 100

3 0 0 10 5 100

4 0 0 0 5 100

Total 51 23 10 10 100
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influential variables defining clusters in the Sharpe segment 
whereas channel width, braiding index, and sinuosity are the 
most influential variables in the Fort Randall segment (figs. 
23, 24).

Discriminant plots show distinct groupings of cluster 
classes (figs. 25, 26). A five-cluster plot in the Sharpe segment 
indicated two clusters with nearly complete overlap, therefore 
a four-cluster classification was determined to be more appro-
priate (fig. 25). The remaining points that were not randomly 
selected were classified by discriminant functions into the 
best fit cluster (figs. 27, 28). Cross validation of classifications 
using a jackknife procedure indicated that 100 percent of  
all points were classified correctly in the Sharpe segment 
(table 6), and 77–100 percent of points were classified cor-
rectly in the Fort Randall segment (table 7). 

Discussion
This report addressed two objectives related to under-

standing and prioritizing restoration of cottonwood communi-
ties along the Middle Missouri River. The first objective was 
to assess the utility of available soils, topography, and water-
surface elevation data in defining a Land Capability Potential 
Index (LCPI) similar to that developed for the Lower Missouri 
River (Jacobson and others, 2007). The second objective was 
to develop a geomorphic classification for the Sharpe and Fort 
Randall segments of the Middle Missouri River using existing 
GIS data. The following section presents discussion about the 
prospects for developing a LCPI-like index from relatively 
low-resolution data, development of the longitudinal classifi-
cation, and application of the classification to assess potential 
for cottonwood restoration.

Data Availability and An Alternative LCPI

The original LCPI combined county-level soils data 
(SSURGO) (Jacobson and others, 2007; Soil Survey Staff, 
2009) high-resolution topographic data (U.S. Army Corps 
of Engineers, 2004), and hydraulically modeled floodwater-
surface elevations (U.S. Army Corps of Engineers, 2004) to 

create the LCPI for the Lower Missouri River. Of these data 
sources, only the SSURGO data are readily available for the 
Middle Missouri River segments considered in this report. 
Hence, a specific objective of this study was to determine 
whether the soils data could be used alone or in combination 
with other sources of topography and water-surface elevations 
to create an LCPI-like classification for the Middle Missouri 
River.

Flood-Plain Elevation Data
Alternative elevation data available in the Middle Mis-

souri River are the 1-arc-second and 1/3-arc-second digital 
elevation models from the National Elevation Dataset (Gesch 
and others, 2009; U.S. Geological Survey, 2009). The 1-arc-
second data have a cell size of approximately 26 m and the 
1/3-arc-second data have a cell size of approximately 6.5 m in 
this region. Compared to the 5-m cell size dataset developed 
for the LCPI, the 1-arc-second data poorly represent eleva-
tion cumulative frequency distributions (fig. 9). One can infer 
from the stepped distributions that the 1-arc-second data fail 
to capture details of the actual distribution of elevations on 
the flood plain. The lack of correspondence to the 5-m data 
in the low-elevation tail of the distribution also indicates that 
frequently flooded areas near the channel are underrepresented 
in the data. This is an important bias in the incised reach at 
river mile 770 where water-surface elevations of a wide range 
of floods occur in this range of elevations. The 1-arc-second 
data match better with the 5-m data in the upper parts of the 
flood plain (fig. 9).

The 1/3-arc-second topographic data generally conform 
better to the frequency distribution of the 5-m data compared 
to the 1-arc-second data. Small potential deviations from 
the 5-m distribution occur at the lowest elevations, probably 
because the 1/3-arc-second data lack the bathymetric data 
included with the 5-m data. NED datasets typically are derived 
by methods confined to subaerial data collection (for example, 
photogrammetry) that are limited to the water-surface eleva-
tions existing at the time of data collection. If the original data 
are collected at relatively high water, less flood-plain eleva-
tion will be present in the NED. Nevertheless, good general 

Table 7. Result of jackknife validation of discriminant function classifications for the Fort 
Randall segment.

Classification
Classification

Percent correct
1 2 3 4

Four-cluster classification

1 25 1 0 0 96

Classified by 
jackknife

2 0 11 0 0 100

3 1 0 10 2 77

4 0 1 0 13 93

Total 26 13 10 15 92
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correspondence between the 1/3-arc-second and the 5-m data 
frequency distributions indicates that 1/3-arc-second data 
should be sufficient for LCPI-like classifications for much of 
the flood plain. Exceptions would exist if the 1/3-arc-second 
data were collected during high flow events or if the flow 
stages of interest are concentrated in a small range of eleva-
tions where the data are obscured by high water, or if both 
conditions existed. Concentration of flow stages in a narrow 
range is typical of highly regulated systems downstream of 
dams and is typified by the narrow range shown at river mile 
770 (fig. 9).

Soil Characteristics as Indicators for Cottonwood 
Restoration

The Middle Missouri River is composed of reservoir 
and interreservoir river segments. Missouri River mainstem 
reservoirs were not designed to pass sediment (Ferrell, 1993; 

Engineering and Hydrosystems Inc., 2002) and, consequently 
sediment tends to accumulate in the reservoir headwaters 
while sediment deficits in the tailwaters downstream from 
dams tend to lead to channel incision (Williams and Wol-
man, 1984; Schmidt and Wilcock, 2008; Jacobson and others, 
2009a). The general model of channel incision downstream 
from dams and channel aggradation in headwaters can be 
modified by tributary inputs. For example, sediment input 
from the Bad River causes moderate aggradation in the reach 
downstream from Oahe Dam, which might otherwise be 
expected to be affected by incision. Similarly, bed aggrada-
tion in the headwaters of Lewis and Clark Lake is accelerated 
because of sediment influxes from the Niobrara River (U.S. 
Army Corps of Engineers, 2007).

Without recent geomorphic adjustments, it would be 
expected that characteristics and spatial arrangements of 
flood-plain soils would relate to an equilibrium among pre-
vailing rates of flood-plain erosion, flood-plain deposition, 

Figure 13. Bivariate and frequency plots of selected, non-transformed classification variables for 
the Sharpe segment of the Missouri River.
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and flood-plain inundation. Fragmentation of the sediment 
transport system by dams alters that equilibrium to the point 
where soil characteristics may no longer be reliable indicators 
of prevailing hydrology or geomorphic processes. In incising 
reaches, former flood plains become terraces that are no longer 
inundated by floods of 1- to 2-year return interval. Soils on the 
former flood plain will retain pedogenic and sedimentologic 
characteristics indicative of their origin in an active flood 
plain, slowly evolving to characteristics adjusted to their new 

hydrologic and geomorphic regimes (Chadwick and Chorover, 
2001; Cornu and others, 2009). Hence, soils with pedogenic 
features indicative of water saturation and reducing geochemi-
cal conditions (redoximorphic features; Soil Survey Staff, 
1993) may be found in landscape positions where soil  satura-
tion is now rare. In contrast, channel reaches characterized 
by rapid aggradation tend to have soils dominated by deposi-
tion of fine, organic-rich sediments, frequent inundation, and 
high water tables. Rapid aggradation of organic rich alluvial 
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sediments leads to cumulative A-horizons in soils that con-
sequently classify as mollisols (Jacobson and others, 2003); 
these soils retain their sedimentologic characteristics and may 
not develop redoximorphic pedogenic characteristics related 
to their frequent inundation until years to decades have passed 
(Cornu and others, 2009). 

Distributions of soil characteristics among comparison 
reaches along the Lower Missouri River support the idea 
that soil characteristics may be poor indicators of hydrologic 
condition in a geomorphically active river. In the incising 
reach at river mile 770, the 0–5 year wet area was dominated 
by relatively well-drained entisols, but a large area of entisols 
existed within the valley bottom outside of the 0- to 5-year wet 
area, resulting in entisols predicting only 4.2 percent of the 
0- to 5-year wet area (table 4). The 0- to 5-year wet area in the 
stable-aggrading reach at river mile 560 was slightly domi-
nated by mollisols, but mollisols were also dominant through-
out the entire valley bottom resulting in only 45.1 percent 

correct classification of the 0- to 5-year wet area. Similar rates 
of classification errors occurred with other soil characteristics 
(table 4). In general, soil characteristics were better at classify-
ing wet areas in aggradational reaches, with up to 98.9 percent 
correct classification rate. 

Longitudinal variation in classification performance rela-
tive to the LCPI identification of wet areas indicates that soils 
alone are not robust indicators of wetness conditions along the 
reaches of the Missouri River affected by reservoirs. Indepen-
dent assessment of hydrologic condition, like that afforded 
through modeled water-surface elevations, is necessary to 
assess the hydrologic condition of flood plains along geomor-
phically active rivers.

Figure 15. Bivariate and frequency plots of selected, non-transformed classification variables for 
the Fort Randall segment of the Missouri River.
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Water-Surface Elevations Compared to Flood-
Plain Elevations

Whereas hydraulic models provided estimates of water-
surface elevations for floods at intervals of 1.6 km on the 
Lower Missouri River (U.S. Army Corps of Engineers, 2004), 
streamgage spacings on the Sharpe and Fort Randall segments 
of the Middle Missouri River range from 3 to 116 km, and 
average 30.5 km (fig. 10). The long interpolations of water-
surface elevations between streamgages challenges the validity 

of applying an LCPI-like intersection of water-surface eleva-
tions and topography to delineate wetness classes. Interpola-
tion of water-surface elevations over long distances may be 
more valid in reservoir segments where water-surface eleva-
tions can be assumed to be flat to gently sloping. 

The longitudinal inventory of elevation and interpolated 
water-surface elevations of 2-, 5-, or 10-year floods (fig. 10) 
provides some limited information on where land exists at 
elevations that can be inundated by these floods. Reaches 
where the water-surface elevations intersect higher percentiles 
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Figure 17. Bivariate and frequency plots of a reduced set of selected 
classification variables for the Sharpe segment of the Missouri River. 
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Figure 18. Bivariate and frequency plots of a reduced set of selected 
classification variables for the Fort Randall segment of the Missouri River.  
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indicate more land is available at elevations where wetness 
conditions may favor cottonwood restoration. Examples from 
the Sharpe segment are reaches at 28–35 km, 45–47 km, 
77–84 km, and 105–115 km upstream from Big Bend Dam 
where 2-, 5-, and 10-year flood elevations affect 5–10 percent 
of the valley bottom.

Longitudinal Geomorphic Classification of the 
Middle Missouri River

Rivers can be classified in many ways, but a generally 
accepted criterion is that a classification should be developed 
to address specific applications (Kondolf and others, 2003). 
In this project, our objective was to develop a classification 
for the Middle Missouri River and its flood plain that would 
delineate units useful for cottonwood restoration. As discussed 
in the previous sections, available data were not of sufficient 
resolution to replicate the LCPI classification developed for 
the Lower Missouri River. This section of the report discusses 
a longitudinal geomorphic classification of the Middle Mis-
souri River and its application to cottonwood restoration.

Segment Scale Classification
River classifications fall into two broad categories: 

deductive and inductive. Deductive classification systems are 
based on assumptions that well-understood processes deter-
mine channel form, and that the channel form is indicative of 
geomorphic processes. The most frequently cited example of 
deductive reach-scale classification is the Rosgen classifica-
tion that places river reaches in predetermined classes based 
on channel planform, slope, and cross-sectional morphology 
(Rosgen, 1996). 

In contrast, an inductive approach measures a suite of 
geomorphic variables and uses statistical clustering techniques 
to determine naturally occurring geomorphic sections of the 
river (Kondolf and others, 2003; Elliott and Jacobson, 2006; 
Elliott and others, 2009a). The inductive approach can be 
hierarchical depending on the number of criteria and num-
ber of clusters desired, and can, therefore, be used to define 
subreaches, reaches, or segments. For example, Elliott and 
Jacobson (2006) identified nested 2, 4, and 10-cluster classifi-
cations for the Missouri National Recreational River segment 
of the Lower Missouri River.

A combination of deductive and inductive approaches 
may be justified in a hierarchical approach. Elliott and Jacob-
son (2006) defined broad-scale features that clearly delineate 
physically distinct parts of the river and the flood plain at the 
segment scale. These features included boundaries imposed by 
dams, tributary junctions, and headwaters of lakes. A similar 
segment-scale classification is used in this report (figs. 1, 29, 
table 1), with segments delineated either by tributary junctions 
where flow regime and material fluxes change abruptly, or by 
hard structures such as dams. In the inter-reservoir reaches, 
we define riverine, deltaic, and lacustrine subsegments. The 

Figure 19. Hierarchical cluster dendogram of the reduced 
dataset for the Sharpe segment of the Missouri River.  Selected 
variables were standardized for this analysis.  

Figure 20. Hierarchical cluster dendogram of the reduced 
dataset for the Fort Randall segment of the Missouri River.  
Selected variables were standardized for this analysis.  

SI
TE

S

Clusters resulting
at this distance

4

0 1 2 3 4 5 6 7
DISTANCES

SI
TE

S

Clusters resulting
at this distance

4

0 1 2 3 4 5
DISTANCES



Discussion  29

transitions between subsegments are not clearly delineated 
because they vary with seasonal variation in water levels and 
with decadal variation in channel incision and aggradation.

The proposed inductive, reach-scale classification of the 
Middle Missouri River is nested within the deductive, seg-
ment-scale classification (figs. 1, 29, table 1). Other segment-
scale classifications have been proposed for the Missouri 
River, and the proliferation of classifications, numbering pro-
tocols, and naming systems has caused some confusion (table 
1). The numbering system proposed in our classification starts 
with 1 in the downstream segment (Osage River to Missis-
sippi River) and counts up in the upstream direction. The logic 
for upstream incremental counting is that the upstream limit 
of the mainstem segments doesn’t need to be defined, allow-
ing segment numbering to continue to successively smaller 
channels. If the numbering system starts with 1 upstream and 

counts down, then some arbitrary starting place needs to be 
defined, and if there is subsequent interest in smaller channels 
upstream, the system has to be revised or negative numbers 
need to be used. An alternative to numbering systems is to use 
names as also proposed in table 1.

The definition of river segment originally proposed by 
Frissell and others (1986) was intended to indicate longitu-
dinal parts of a stream system between substantial tributaries 
and with relatively uniform properties of bedrock and valley 
physiography. This definition leaves some latitude in deter-
mining substantive hydrologic and physiographic variation. 
Clearly, segments should be defined where large storage 
reservoirs, like those on the mainstem Missouri River, impose 
substantive hydrologic change on downstream channels. 
Impounded sections of the river also typically have a combi-
nation of lacustrine, deltaic, and riverine conditions. Because 
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Figure 21. Changes in sum of square differences within and among 
clusters as number of clusters changes for the Sharpe segment of the 
Missouri River.

Figure 22. Changes in sum of square differences within and among 
clusters as number of clusters changes for the Fort Randall segment of 
the Missouri River.
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these conditions have a substantial effect on the distributions 
of water, sediment, and nutrients over time and space, they 
are important delimiters of riverine habitat and appropriate to 
define as subsegments. However, the locations and character-
istics of the transitions between these conditions are highly 
dynamic. The transitions vary with seasonal to multiyear 
variations in lake levels and over longer periods as channel 
incision and deltaic sedimentation change channel-floodplain 
geomorphology. Consequently, lakes, deltas, and riverine parts 
of the Missouri River can be defined as separate subsegments, 
but transitions among them are dynamic.

Reach-Scale Classification
Reaches within segments are characterized conceptually 

as uniform lengths of river with similar channel and flood-
plain morphology generally containing multiples of channel 
units or bend-crossover units (Frissell and others, 1986). Our 
statistical classification attempts to define naturally occurring 
clusters of uniform channel and flood-plain geomorphology 
at the reach scale (table 8). Because reaches are defined at a 
substantially finer scale compared to segments, statistically 
defined reaches may cluster within identified segments or 
subsegments or they may occur in multiple segments. In inter-
reservoir reaches where subsegment boundaries are difficult to 

define, the spatial distribution of statistically defined reaches 
provides an independent basis for delineating riverine, deltaic, 
and lacustrine subsegments (figs. 27, 28).

The number of clusters used in the classification is a 
matter of judgment that is based on a combination of physi-
cal understanding of the river, the structure of the hierarchical 
clustering (figs. 19, 20) and the shape of the “scree” plots from 
the K-means clustering (figs. 21, 22). More than four clusters 
could be used in the Sharpe and Fort Randall segments but it is 
unclear whether subdivided clusters would result in increased 
ability to interpret and apply the classification. 

Because the Sharpe and Fort Randall segments were clus-
tered separately, the numbering and the characteristics of the 
clusters are not the same in the two segments. In the Sharpe 
segment, valley width was the most influential variable in the 
K-means cluster procedure, followed by braiding index, chan-
nel width, and sinuosity (fig. 23). In contrast, channel width 
was most influential in the Fort Randall segment, followed by 
braiding index, sinuosity, and valley width (fig. 24). The influ-
ence of valley width in the Sharpe segment results from the 
greater variability, especially relative to channel width, within 
the segment (fig. 11). In contrast, channel width was more 
variable than valley width in the Fort Randall segment (fig. 
12). Valley width can be of considerable importance in river-
ine habitat assessments because it is a measure of total valley 

Figure 23. Cluster-parallel plots from the K-means procedure for the Sharpe segment 
of the Missouri River.
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Figure 24. Cluster-parallel plots from the K-means procedure for the Fort Randall 
segment of the Missouri River.

Table 8. Names and interpreted physical significance of the clustered classes in the Sharpe and Fort Randall segments.
Classification Descriptive name Physical process interpretation

Sharpe segment
1 No braiding, variable valley width, channel 

width, and sinuosity
This unit occurs in multiple settings within the Sharpe segment, including the reaches 

above and below the Bad River.  It is associated with variable valley and channel 
widths, no braiding and variable sinuosity.  

2 Wide valley, no braiding, medium channel 
width

This unit occurs entirely within Lake Sharpe and is characterized by a wide valley, 
medium channel widths, and no braiding consistent with a reservoir environment.

3 Medium to highly braided, narrow valley This unit occurs downstream from the Bad River in the delta region of the Sharpe 
segment and is characterized by braiding and a narrow valley.

4 Wide valley and channel, no braiding This unit is restricted to Lake Sharpe and is characterized by wide valley and channel 
widths and no braiding consistent with a reservoir environement.

Fort Randall segment
1 Low to medium channel and valley width, 

variable braiding
This unit is made up primarily of the riverine reaches of the Missouri River below 

Fort Randall Dam and its occurrence is limited downstream from the Niobrara 
River.

2 Low braiding index, low sinousity, high 
channel and valley width

This unit is restricted to the reservoir and delta of Lewis and Clark Lake characterized 
by wide valley and channel widths, low braiding and sinuosity consistent with a 
reservoir environment.

3 Lower channel widths, medium braiding 
high sinuosity

This unit occurs in the riverine reach mostly upstream from the Niobrara River and is 
characterized by measures of channel complexity such as braiding, high sinuosity 
and lower channel widths.

4 High channel width, medium to high braid-
ing, low sinuosity

This unit occurs in the highly braided delta primarily downstream from the Niobrara 
River.  There is some occurance in the reaches with high channel complexity im-
mediately upstream from the Niobrara River.  
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bottom area available for riparian restoration. The relation of 

channel width to valley width also determines interactions of 
the channel with the valley wall, which can be associated with 
bedrock substrate availability and convergent flow hydraulics 
(Laustrup and others, 2007; Jacobson and others, 2009b).

Braiding index is the second most influ-
ential variable in both segments (figs. 23, 24). 
Braiding index is calculated from the number of 
channels and is useful for distinguishing between 
single-thread and multithread channels. Braiding 
index can be sensitive to prevailing discharge 
when aerial photography is obtained, especially 
for reaches with many low-elevation sand bars. 
Discharges during aerial photographs used in 
this analysis varied little among dates (fig. 4) and 
ranged from approximately 25 to 50 percent flow 
exceedance. Therefore, braiding indices were 
measured under fairly consistent conditions that 
represent typical discharge conditions. 

Braiding index is a useful measure of com-
plexity of aquatic habitats and is an indicator of 
channel dynamics in the Missouri River (Elliott 
and Jacobson, 2006). The index was influen-
tial in defining cluster 3 in the Sharpe segment 
in the riverine section upstream from the Bad 
River junction, and it was influential in defining 
clusters 3 and 4 in the Fort Randall reach. Cluster 
3 is characterized by multithread channels in the 
riverine part of the segment upstream from the 
Niobrara River junction and cluster 4 is character-
ized by the multithread, distributary channels of 
the Lewis and Clark Lake delta.

Sinuosity is a measure of the curviness of the 
centerline of the channel and an index of aquatic 
habitat complexity. Sinuosity also is related 
directly to channel migration rates (Johannesson 
and Parker, 1989). Sinuosity was least influen-
tial in the Sharpe reach because it tended to co 
vary with valley width at all scales (figs. 11, 23). 
In the Fort Randall segment, sinuosity was the 
third most influential variable and helped define 
cluster 3 (fig. 24). Cluster 3 occurs in a complex 
part of the channel at river miles 860–870 and in 
the riverine segment upstream from the Niobrara 
junction.

Implications for Cottonwood 
Restoration

Under natural conditions, cottonwoods 
germinate after seeds are deposited by water on 
freshly deposited sediment, usually on point bars 
created by channel migration (Johnson, 1992; 
Scott and others, 1996; Scott and others, 1997; 
Johnson, 2000). If the seeds are deposited high 
enough to avoid subsequent scour by water or 

ice (Friedman and others, 1995; Auble and Scott, 1998) and 
groundwater does not decline so rapidly that root growth 
cannot keep pace during the summer and fall (Mahoney and 
Rood, 1998), seedlings may survive to the next year. High 

Figure 25. Canonical scores plot for the four-cluster classification, Sharpe 
segment.

Figure 26  Canonical scores plot for the four-cluster classification, Fort 
Randall segment.
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Figure 27. Reach-scale cluster classifcations for the Sharpe segment of the Missouri River.
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water tables also may limit cottonwood growth and survival 
by contributing to root hypoxia or encouraging shallow root 
distributions (Kozlowski, 2009). 

Restoration strategies for cottonwoods have focused on 
restoring the natural hydrologic and geomorphic dynamics of 
river reaches (Scott and others, 1997; Johnson, 2000; Shafroth 
and others, 2002) or on artificial mechanisms (Friedman and 
others, 1995). In artificial regeneration experiments, Friedman 
and others (1995) found that natural seed sources on disturbed 
or irrigated ground increased cottonwood seedling density by a 
factor of more than 10 over nondisturbed, nonirrigated ground 
(0.03 seedlings/ square meter (m2). Irrigation and disturbance 
increased seedling density by another order of magnitude to 
10.3 seedlings/m2. These results indicate that artificial regen-
eration of cottonwoods is possible if costs of plowing and 
irrigation are acceptable. 

For natural or artificial regeneration of cottonwoods, flow 
regime and relative elevation of ground above water-surface 
elevations are critical factors for germination and survival. 

For natural regeneration, a dynamically migrating channel is 
also critical. While lacking the detail of the LCPI, the distribu-
tion of elevations along the Sharpe and Fort Randall segments 
provides an indication of the interaction of flow regime and 
ground-surface elevations (fig. 10). The base of the shaded 
bands on this figure indicates approximate river level on the 
day that the topographic elevations were recorded, presumably 
a relatively frequent flow exceedance. The elevation differ-
ence between the river level and the 2, 5, and 10-year recur-
rence stages indicates the range of relatively frequent floods. 
The intersection of the floodwater-surface elevations with the 
colored bands indicates what percentage of the valley bottom 
would be affected by stages of that magnitude. Sections of 
the profile where the floodwater-surface elevations intersect 
bands indicating 8 to 10 percent of the valley bottom is at or 
below that elevation present more restoration opportunity than 
sections where intersecting bands indicate that 0 to 2 percent 
of the valley bottom is at or below that elevation. It should 
be noted that the valley-bottom elevations are in percentiles 
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of elevations associated with address points along the river 
and do not show absolute area. Moreover, some of the current 
land uses in the valley bottom at appropriate elevations may 
be incompatible with cottonwood restoration activities; much 
of the wider flood plain of the Sharpe segment is occupied by 
intensive, irrigated agriculture (fig. 2). Also, areas where val-
ley-bottom lands are relatively close to the floodwater-surface 
elevations may too wet for successful cottonwood restoration. 
Excessively wet conditions may apply to flood plain bordering 
the Lewis and Clark delta where high groundwater levels may 
limit cottonwood growth and survival.

The reach-scale channel classification presented in this 
report provides guidance for evaluating where natural cotton-
wood restoration may be most successful. Clusters with mul-
tithread and highly sinuous channels (cluster 3 in the Sharpe 
segment and clusters 3 and 4 in the Fort Randall segment) 
are likely to be associated with dynamic channel migration 
and deposition of fresh, bare sediment conducive to cotton-
wood germination (fig. 29). Channel migration and sediment 
deposition rates are likely reduced from natural conditions that 
existed prior to flow regulation. Nevertheless, ongoing channel 
migration in these reaches is expected to continue to create 
new surfaces for germination, although less extensive and at a 
slower rate (Elliott and Jacobson, 2006). 

It is less clear whether the current flow regime would be 
conducive for regeneration on these new surfaces. In par-
ticular, pulsed discharges would need to be large enough to 
deposit seeds at elevations where seedlings will survive winter 
ice, and groundwater-recession rates would need to be fast 
enough to encourage deep root growth but not so fast as to 
create water stress. Lack of groundwater recession may be a 
limiting factor in deltaic segments affected by lake levels or in 
riverine reaches affected by unnaturally high discharges during 
summer months. 

The classification presented in this report is not defini-
tive about potential for cottonwood restoration in the Sharpe 
and Fort Randall segments but does provide a filter to priori-
tize and evaluate reaches within these segments. Increased 
accuracy in classifying restoration potential could be achieved 
by acquiring improved topographic data that would resolve 
bathymetry and low-elevation surfaces near the water surface 
and by developing hydraulic models to provide high-resolu-
tion flood profiles. This would provide data sufficient to rep-
licate the LCPI used in the Lower Missouri River (Jacobson 
and others, 2007). Development of channel migration models 
would provide another useful tool for evaluating the quality 
and extent of cottonwood regeneration under naturally occur-
ring conditions without mechanical disturbance, seeding, and 
irrigation. The classification presented in this report could be 
used to target these science investments in specific reaches or 
segments that would be considered to have the highest restora-
tion potential. 

Conclusions
The objective of this study was to develop a spatially 

explicit river and flood-plain classification to apply to evalu-
ation of the potential for cottonwood restoration along the 
Sharpe and Fort Randall segments of the Middle Missouri 
River. Two subobjectives were (1) to evaluate whether exist-
ing topographic, water-surface elevation, and soils data were 
sufficient to create an index classification similar to the LCPI 
of Jacobson and others (2007), and (2) if an LCPI-like clas-
sification was not possible, to develop a geomorphically based 
classification that would provide a framework for evaluating 
restoration potential.

Assessment of topographic, water-surface elevation, and 
soils data available for the Middle Missouri River indicated 
that they were not sufficient to replicate the LCPI. Relatively 
high-resolution topographic data from the 1/3-arc-second 
NED largely delineated most of the topographic complexity 
and produced cumulative frequency distributions similar to 
the high-resolution 5-m topographic dataset developed for the 
Lower Missouri River. However, because the 1/3-arc-second 
NED does not include bathymetry, topographic data are only 
available for areas that were subaerially exposed when the 
original data were collected. This presents a potentially critical 
bias in evaluation of frequently flooded surfaces close to the 
river.

We explored the idea that soil data alone would be suf-
ficient to provide most or all of the information content of the 
LCPI. Comparison reaches were identified along the Lower 
Missouri River where high-resolution LCPI data were avail-
able to delineate areas presently at or below the 5-year return 
interval flood elevation. The comparison reaches of the Lower 
Missouri River also were characterized by a range of chan-
nel incision. In these reaches, soil characteristics from the 
SSURGO database correctly classified only 2 to 98 percent 
of the area at or below the 5-year return interval flood stage, 
depending on reach and soil parameters used. The incongru-
ence between mapped soil characteristics and present-day 
hydrology over much of the flood plain is explained by the 
relatively rapid geomorphic evolution of the Lower Missouri 
River. Like many impounded rivers, the regulated segments 
of the Missouri River have been variably affected by incision, 
thereby altering the relation between present-day hydrol-
ogy, geomorphology, and flood-plain soils. We concluded 
that it was unlikely soils would be useful as a sole classifica-
tion guide in the reservoir and interreservoir segments of the 
Middle Missouri River.

The most sparsely available data in the Middle Missouri 
River were water-surface elevations. Compared to the Lower 
Missouri River where water-surface elevations for 2- to 500-
year return interval floods were modeled every 1.6 km along 
the river, water-surface elevations in the Middle Missouri 
River had to be obtained from current streamflow gaging sta-
tions spaced at 3–116 km intervals. Although water surfaces 
for some of the segments are very flat because of reservoir 
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lake levels, lack of high-resolution data in riverine sections 
precludes development of an LCPI-like intersection of topog-
raphy with water-surface elevations to map indices of wetness.

An hierarchical river classification framework provides 
structure for combining deductive and inductive, statistical 
classifications at a range of scales. The segment-scale clas-
sification presented in this report is deductive and based on 
the concept that dams, significant tributaries, and geological 
(and engineered) channel constraints present primary controls 
on the biophysical capacity of the river system, including flow 
regime, material fluxes, and channel dynamics. 

An inductive reach-scale classification is nested within 
the segment scale. The reach-scale classification is based on 
multivariate statistical clustering of geomorphic data col-
lected at 500-m intervals along the Sharpe and Fort Randall 
segments. Separate, four-cluster classifications for the two 
segments delineate reaches of the river with similar channel 
flood-plain geomorphology, and presumably, similar geo-
morphic and hydrologic processes that would affect cotton-
wood restoration in similar ways. The dominant variables 
in the clustering process were channel width (Fort Randall) 
and valley width (Sharpe), followed by braiding index (both 
segments). 

The classification provides a useful tool for evaluating 
cottonwood restoration potential. Clusters with multithread 
and highly sinuous channels are likely to be associated with 
dynamic channel migration and deposition of fresh, bare sedi-
ment conducive to natural cottonwood germination. However, 
restoration potential within these reaches is likely to be miti-
gated by the highly regulated flow regime and lake levels that 
may be out of phase with cottonwood life cycles. In particular, 
multithread reaches in the Lewis and Clark delta probably 
have high sedimentation rates and high groundwater levels 
that will limit growth and survival. Steady summer-fall flows 
in riverine reaches may not produce groundwater-recession 
rates sufficient to support adequate root growth.

 The reach-scale classification of the Sharpe and Fort 
Randall segments provides a tool to prioritize and evaluate 
reaches for cottonwood restoration. Development of high-
resolution topographic data to resolve bathymetry and low-
elevation surfaces near the water surface, and development 
of hydraulic models to provide high-resolution flood profiles, 
would provide data sufficient to replicate the LCPI used in the 
Lower Missouri River (Jacobson and others, 2007). In addi-
tion, channel migration models would provide a useful tool 
for evaluating the quality and extent of natural cottonwood 
regeneration. The reach-scale classification presented in this 
report provides a framework to focus science and management 
investments in reaches with the highest restoration potential. 
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